The possibility of modification of ion-exchange membranes with high pore and channel volumes and the effect of doping on the membrane properties have been studied. Hybrid membranes based on sulfonated polystyrene grafted onto polymethylpentene and cesium acid phosphotungstate have been synthesized by the in situ method. It has been shown that modification of these membranes leads to an increase in conductivity to 34.8 mS/cm at 25°С in contact with water. The chloride anion transport numbers for the original and modified membranes are about 4%.
INTRODUCTION
Membrane materials are commonly used to solve a lot of important problems ranging from separation and catalytic and electrochemical synthesis processes to water treatment and energy generation [1] [2] [3] [4] [5] [6] [7] [8] [9] . Homogeneous perfluorinated membranes of the Nafion type exhibit the best properties of all currently available ion-exchange membranes; however, their use in many processes is limited to high cost. In this context, it is relevant to develop cheaper membrane materials exhibiting high transport characteristics, such as conductivity and selectivity [10] .
Cation-exchange membranes based on polystyrenesulfonic acid are commonly used in various water treatment methods [11] . To improve the mechanical properties, these materials are used in the form of heterogeneous membranes with a plasticizer, which is typically polyethylene. Cation-exchange membranes MK-40, which are commonly used in water treatment, are produced in Russia [11] [12] [13] . Their analogue Ralex CM-is produced in the Czech Republic by MEGA a.s. company [14] . The main advantages of these membranes are high conductivity and low cost; however, these materials exhibit low selectivity because of the presence of large pores [15] . Therefore, studies aimed at improving the properties of membranes containing sulfonated polystyrene (PSS) have been intensively conducted. In particular, the following methods have been studied: surface profiling of heterogeneous membranes [12] ; coating of their sur-face with a thin layer of a perfluorinated sulfonated cation-exchange material [16, 17] ; doping with various additives, such as polyaniline [18] , zirconium phosphate [19] , zirconia [20] , and ceria [21] ; synthesis of sulfonated copolymers of styrene with allyl glycidyl ether [22] ; and radiation-induced chemical grafting of styrene to poly(vinylidene fluoride) with subsequent sulfonation [23] . Promising dopants are acid salts of heteropoly acids with heavy alkali metal cations. Unlike other heteropoly acid salts, they are insoluble and exhibit intrinsic proton conductivity [24, 25] .
Recently, new polymer materials based on PSS grafted onto polymethylpentene (PMP) have been described [26] . The high transport characteristics of these membranes make them promising for an efficient use in a number of practical applications, such as water treatment and energy generation by reverse electrodialysis, i.e., mixing of saline and fresh water [27, 28] . For some of these membranes, high degrees of hydration are achieved; this feature should provide a large size of pores and pore-connecting channels. It is of interest to elucidate the effect of the introduction of dopants on the properties of these materials. In this context, this study is focused on the effect of modification with cesium acid phosphotungstate on the transport properties of membranes based on PMP with a high content of grafted PSS. MEMBRANES 
EXPERIMENTAL
Polymethylpentene with grafted PSS having an ion-exchange capacity of 2.5 meq/g was synthesized as described in [26] . The following materials were used: isopropanol (Khimmed, reagent grade), deionized water (resistivity of 18.2 MΩ/cm), phosphotungstic acid (Merck, extra pure), cesium chloride (ABCR, 99.9%), hydrochloric acid (Khimmed, reagent grade), and methanol (Macron Fine Chemicals, anhydrous for chromatography). The original PMP sample with grafted PSS was designated as PMP-PSS.
Membrane modification was conducted by the in situ method. For swelling, the membrane was treated with a water-isopropanol mixture (1 : 1 vol/vol) for 3 h. Modification with the acid salt of phosphotungstic acid was carried out by sequentially treating the swollen membrane with a 0.025 M heteropoly acid solution for 12 h and a 0.05 M cesium chloride solution for 3 h. The neutral salt was converted to an acid salt by three runs of treatment of the membranes with 3% HCl at room temperature for 40 min in each run. Hereafter the membrane containing Cs x H 3 -x PW 12 O 40 is designated as PMP-PSS-CsHPWA. Since this procedure leads only to the substitution of protons on the nanoparticle surface, this treatment is quite sufficient.
The resulting materials were X-ray amorphous. To study the composition and content of the dopant, the membranes were annealed at 700°С; the residue was weighed and studied by X-ray diffraction (XRD) analysis, which was conducted on a Rigaku D/MAX2000 diffractometer using CuK α radiation. The data were processed using the Rigaku Application Data software.
The thermogravimetric analysis of the synthesized membranes was conducted on a Netzsch TG 209 thermogravimetric analyzer in platinum crucibles in argon atmosphere to a temperature of 300°C. To study the water uptake and degree of swelling of the membrane samples, they were held in an atmosphere with relative humidity (RH) varied in the range of 95-32% for equilibration. After that, the membranes were dried at 150°С for 1.5 h. Water uptake was determined from the difference in weight before and after annealing; the degree of swelling was determined from the difference in the membrane size with averaging over at least five points.
The conductivity of the synthesized membranes was studied both in contact with water and at low RH. Measurements were conducted using an Elins E-1500 impedance meter in the frequency range of 1 Hz to 1.5 MHz on symmetrical carbon/membrane/carbon cells with an active area of ~0.25 cm 2 . Proton conductivity was determined via extrapolating the impedance hodograph to the axis of active resistances. Measurements at low humidity were conducted in a Binder MKF115 climatic chamber (humidity control accuracy of ±2.5%).
To measure the diffusion permeability of a 0.1 M solution of hydrochloric acid and NaCl, or the interdiffusion coefficient of 0.1 M HCl/NaCl, the membranes were placed in a cell consisting of two compartments (cell volume of 32 cm 3 ). One of the compartments was filled with an HCl or NaCl solution; the other, with deionized water or a NaCl solution. To determine the diffusion permeability of HCl and the interdiffusion coefficient of HCl/NaCl, the time variation of the pH value in the compartment filled with water or a NaCl solution, respectively, was studied using an Expert-001 pH meter (Econix-Expert). In studying the diffusion permeability of NaCl using an Expert-002 conductivity meter (Econix-Expert), the conductivity of the solution in the compartment initially containing water was determined. Concentrations of the diffusing substance were determined from changes in these values.
The diffusion permeability of HCl and NaCl and the interdiffusion coefficient were calculated by the formula (1) where V is the solution volume (32 cm 3 ), l is the membrane thickness (cm), c is the solution concentration in the compartment containing water (mol/cm 3 ), dc/dt is the time derivative of this concentration, ∆c is the difference in the diffusing solution concentrations in the two compartments, t is the time (s), and S is the membrane area (4.9 cm 2 ). The error in the determination of the P value was less than 1%; it was found from the scatter of experimental points on the dependence of concentration on diffusion time. The scatter of results of the repeated measurements did not exceed 5%.
The diffusion permeability data were used to determine the chloride anion transport numbers for PMP-PSS membranes according to the formula (2) Methanol permeability coefficient was calculated by the formula (3) where P is the methanol solution permeability coefficient (cm 2 /s), S is the membrane area (4.9 cm 2 ), l is the membrane thickness measured after the experiment (cm), C R (t) is the current methanol concentration in the compartment initially containing water (mol/L), C L,0 is the initial methanol concentration (2 mol/L), and V is the solution volume (cm 3 ).
In studying the methanol diffusion across the membranes, the methanol concentration was determined chromatographically on a Kristallyuks-4000M chro-
matograph equipped with a thermal conductivity detector (current of 100 mA) and a packed column (HayeSep T sorbent, 60/80 mesh, 2 m, 150°C, 30 cm 3 /min, He). A 0.5-μL liquid sample was taken from the right compartment using a chromatographic syringe and introduced into the chromatograph. To relate peak areas to concentration, eight aqueous methanol solutions of different known concentrations were prepared and a calibration curve was constructed.
Mechanical properties were studied using a Tinius Olsen H5KT tensile testing machine with a 100-N force sensing device at room temperature (T = 27 ± 2°C) and RH = 20 ± 2%. Rectangular samples with a length of 60 mm and a width of 10 mm were used; before testing, they were held at RH = 95% to constant weight. Deformation was carried out in the plane of the membrane. Four tests were conducted for each of the membranes. The thickness and width of each sample was determined immediately before the test as an average value at five points along the entire length (using a Mitutoyo micrometer, accuracy of determination was 0.001 mm). The base length was 40 mm. The results were interpreted in terms of the nominal stress related to the initial cross-sectional area of the sample. Young's modulus (MPa) was determined from the slope of the stress-strain dependence curve in the elastic strain region. The yield point was determined as the point of intersection of the tangents to the sections corresponding to elastic and plastic strains. The Young's modulus, yield point, and breaking stress values were determined for each curve; average values were calculated for each set of samples (error was calculated according to the Student's distribution, a confidence interval of 95%).
To prepare the sample for nuclear magnetic resonance (NMR) measurements, the membrane was cut into small strips; measurements were conducted in contact with water. For NMR studies, the samples were placed in a standard 5-mm vial, which was hermetically sealed. Measurements were conducted at room temperature (22°C).
Self-diffusion experiments were conducted on a Bruker Avance III-400 WB Fourier transform pulsed NMR spectrometer equipped with a pulsed magnetic field gradient sensor; the maximum pulsed gradient value was 30 T/m. Self-diffusion coefficients were measured by 1 H NMR at a frequency of 400.22 MHz. To measure self-diffusion coefficients, a stimulated echo pulse sequence was used. The pulsed magnetic field gradient duration was δ = 1 ms; the maximum magnetic field gradient pulse amplitude was g = 16.9 T/m; the spacing between magnetic field gradient pulses Δ was varied in the range of 20-500 ms; the number of points in diffusion attenuation was 32.
RESULTS AND DISCUSSION
The annealing of the synthesized membranes at 700°C showed that the weight fraction of the dopant is 22.8% of the weight of the dry membrane. This content is extremely high for ion-exchange membranes; this feature is attributed to the large size of the system of pores and channels of the original membrane, which allow the formation of larger particles than those allowed by conventional Nafion membranes (typical dopant content varying in a range of 1-3%). According to XRD (Fig. 1) , the residue after annealing consists of a mixture of cesium phosphotungstate and tungsten trioxide formed during the thermal decomposition of the acid salt. Figure 2 shows a transmission electron microscopy (TEM) micrograph of the hybrid membrane sample. It confirms the presence of the dopant in the sample. The particle size of the dopant is 7-10 nm. The fact that the particle size of the dopant is larger than typical values for Nafion (3-5 nm) is associated with larger pore sizes in the PMP-PSS membrane.
The PMP-PSS membranes are characterized by a high water uptake (Table 1) . At high RH values, the water uptake of the modified samples is slightly lower than that of the unmodified membranes. However, at low RH values, an opposite tendency is observed. Cations located on the surface of particles of insoluble salts of heteropoly acids undergo dissociation upon coming in contact even with a small amount of water [29] . Therefore, their surface, together with the surface of the membrane pore walls, acquires a negative charge. Thus, the formation of dopant particles should occur at a maximum distance from the walls, i.e., in the center of the pore. The high dopant content, despite the hydrophilicity of the particles, leads to the displacement of a portion of water and a decrease in the water uptake, because the elasticity of the pore walls hinders their further expansion. At low humidity, protons formed due to the dissociation of the acid groups of cesium phosphotungstate, conversely, bind additional water. Polymethylpentene-based membranes exhibit considerable asymmetry of changes in size with a change in the water uptake: for these membranes, the degree of swelling ranged from 6-7% in the direction perpendicular to the membrane plane to 30% in the membrane plane. This feature, which is not quite ordinary for ion-exchange membranes, is due to the fact that the grafting and polymerization of polystyrene occur in channels directed normal to the membrane surface. Membrane swelling is caused by the hydration of grafted PSS and, conversely, occurs mostly in the longitudinal direction.
The PMP-PSS membranes with an exchange capacity of 2.5 meq/g exhibit a high proton conductivity of 31.9 mS/cm at 25°C in contact with water ( Fig. 3) . However, despite a slightly lower water uptake, modification with cesium phosphotungstate further increases the conductivity of this membrane to 34.8 mS/cm. This increase is associated with the fact that modification mostly leads to the displacement of the electrically neutral solution containing no charge carriers. In addition, modification causes a decrease in the activa- tion energy for proton conductivity from 5.09 ± 0.09 to 4.16 ± 0.09 kJ/mol. According to the limited elasticity model, an increase in conductivity is due to the fact that the incorporation of nanoparticles leads to an increase in the size of the pores and pore-connecting channels that limit the ion transport process [30] . The significance of this factor is also evidenced by a decrease in the activation energy of membrane conductivity owing to modification with the acid salt of heteropoly acid. In addition, it is not improbable that there is a certain contribution from an increase in the charge carrier concentration owing to the dissociation of acid groups on the dopant surface.
With a decrease in humidity, the conductivity of both the original and modified membranes decreases quite significantly (Fig. 4) . This fact is associated with an abrupt decrease in the water uptake of the membranes. However, modification leads to a slight (20-30%) increase in the conductivity of the hybrid materials compared to that of the original membrane. The limitation of the effect of doping is apparently due to the following factors. At a high water uptake, the volume of the electroneutral solution localized in the center of the pore is fairly large. Therefore, the incorporation of dopant particles leads only to the displacement of the solution and does not affect the degree of hydration of protons localized at the pore walls. As a consequence, osmotic pressure, which is the driving force of pore expansion, varies only slightly. In addition, the large size of Cs x H 3 -x PW 12 O 40 nanoparticles provides a certain blocking effect, which diminishes the positive effect of the introduction of the dopant [30] .
The high water uptake provides the rapid ion transport across the studied membranes (Table 2 ). However, for the membranes contacting with the salt solutions, an increase in anion transport, which is characterized by diffusion permeability, is observed simultaneously. However, the absence of a secondary system of larger pores, which is characteristic of heterogeneous membranes, provides a fairly high selectivity of transport processes for materials with the significant water uptake. For both the original and modified membranes, the transport numbers remain close to 4%.
Studies of membrane samples by NMR with a pulsed magnetic field gradient make it possible to directly determine proton diffusion coefficients in the studied materials [31] . The coefficients were 2.9 × 10 -10 cm 2 /s for the PMP-PSS sample and 7.4 × 10 -10 cm 2 /s for the material doped with cesium phosphotungstate. These values characterize the averaged mobility of proton-containing groups in the system of pores and channels of the studied membranes. Since the number of protons of water molecules in them is two orders of magnitude higher than the number of acid protons, these data primarily characterize the mobility of water. It is of interest to compare the determined values with proton dif- fusion coefficients calculated by the Nernst-Einstein equation in accordance with the data on proton conductivity under the same conditions. It was found that, for PMP with grafted PSS, this value (2.4 × 10 -10 cm 2 /s) is quite similar to the NMR data. It can be assumed that this finding is attributed to the fact that the mobility of protons in the channels of this membrane is comparable to that in pores with a high water uptake. However, in the dopant-containing PMP-PSS-CsHPWA membrane, this parameter was two times lower than that according to NMR (3.7 × 10 -10 cm 2 /s). This correlation is quite typical for ion-exchange membranes; it is generally determined by the lower mobility of protons in narrow channels connecting the pores [32] . In this case, this interpretation is in conflict with the fact that these data are close to those for the original membranes. It can be assumed that an increase in the proton diffusion coefficients found by NMR with a pulsed magnetic field gradient in the sample containing the acid salt of heteropoly acid is attributed to the extremely low proton-acceptor ability of the oxygen atoms of the dopant. This factor leads to a disturbance of the system of hydrogen bonds near the dopant surface and an increase in the rotational and translational mobility of water in the pores [4] .
An important characteristic of membranes that can potentially be used in fuel cells is methanol permeability. For the PMP-PSS membranes with an ion exchange capacity of 2.5 mg-equiv, it was 2.7 × 10 -6 cm 2 /s. The relatively high methanol permeability values are associated with the high absorption of methanol by the membrane, which leads to a relatively easy methanol transport in the membrane pores. However, modification with cesium phosphotungstate makes it possible to slightly decrease the methanol permeability to 2.5 × 10 -6 cm 2 /s. Table 3 shows results of studies of the mechanical properties of the synthesized membranes. It should be noted that different samples exhibited significantly different elongations at break. A similar effect is frequently described in the literature [33] . It is attributed to the heterogeneity of the system of pores and channels in the membranes, which is an analog of microcracks in solids; this factor is responsible for the strength of the material. Modification does not lead to significant changes in the mechanical properties of the membranes. A slight decrease in the Young's modulus is the only change that is worth noting. It is apparently due to the exposure of the membrane to isopropanol during modification, which provides the membrane swelling and an increase in the mobility of the polymer chains, which leads to partial relaxation in the preoriented polymer film and a decrease in the film rigidity.
CONCLUSIONS
Membrane materials based on PMP-PSS and PMP-PSS-CsHPWA have been studied. It has been shown that these materials in the proton form are characterized by a high proton conductivity and a higher selectivity of transport processes than that of heterogeneous membranes. The incorporation of cesium phosphotungstate nanoparticles into the system of pores and channels of membranes with a high water uptake leads to an increase in the ionic conductivity of the membranes. However, it has been found that this effect is significantly lower than that in Nafion membranes. The diffusion permeability of membranes, which characterizes the anion mobility, increases simultaneously. As a consequence, the selectivity of transport processes remains almost unchanged. At the same time, the methanol permeability in the synthesized hybrid membranes at least does not increase; this fact, in combination with a certain increase in the proton conductivity, indicates an increase in the selectivity of transport processes that determine the operation of fuel cells.
